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Abstract 
Thermal performance of low energy buildings depends not only on the thermal resistance of the building enclosure but also on 
the dynamic features of a building’s components. Stationary heat flow is relatively well understood and easy to calculate, 
whereas dynamic characteristics are a complicated concept and are always connected with more advanced computational tools. 
The commonly used harmonic model of non-stationary heat transfer is usually based on a 24-hour period, however, in real-life 
conditions the building’s response to longer heat waves is also important. The dynamic features of selected materials and of the 
building’s enclosure in transient environmental conditions are calculated and discussed in this paper. The influence of decisions 
concerning the selection of materials and thickness on internal conditions is discussed, and design decisions to ensure 
appropriate microclimate control are presented. 
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of organizing committee of the 7th Scientific-Technical Conference Material 
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1. Introduction  
Overheating is becoming a very important aspect of buildings’ use nowadays, as well as a significant part of 
maintenance costs. It is relatively easy to minimize heating needs and usually the formal requirements are oriented 
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with this aim. Because of the frequent focus on energy savings and the pressure to achieve them, a designer can 
easily find information on how to decrease energy loss, and how to maximize and efficiently use solar and internal 
heat gains. Unfortunately, actions aimed at decreasing heating needs may also lead to adverse effects in the form of 
increased overheating risk and oversized window area. The measures for protecting a building against overheating 
are not commonly known or understood because of the complicated dynamic aspects of heat flow and energy 
accumulation in the building shell. For example, a flat, horizontal roof, which is commonly used in public utility 
structures and large apartment buildings, is often a source of significant summertime heat gains for the space 
beneath. Solar radiation, intensively absorbed by dark colored bituminous roof coating and combined with high air 
temperature results in a high heat flow rate entering the building space. In order to avoid space overheating caused 
by this heat flux, the roof structure should minimize the amplitude of the internal heat flow rate and maximize time 
lag, i.e. phase the difference between the heat flow rate on one side and the surface temperature on the other side. 
 
Nomenclature 
e            thermal effusivity (W·s1/2/(m2·K)) 
λ            thermal conductivity  (W/(m·K)) 
c            specific heat (J/(kg·K)) 
ρ            bulk density (kg/m3) 
dp          periodic penetration depth (m) 
tp                 time period (h) 
2. Dynamic thermal characteristics of building materials 
One of the best known and commonly used models of dynamic heat transfer is the theory of harmonic heat 
waves, based on the Fourier analysis of cyclic functions, Kisilewicz [1]. In fact, due to a quasi-periodic course of 
ambient temperatures in our environment, this analytical approach fits very well with real-life conditions. The 
dynamic thermal characteristics of a building’s component describe its thermal behaviour when it is subjected to 
variable boundary conditions, i.e. variable heat flow rate, or variable temperature on one or both of its boundaries. 
In the European Standard EN ISO 13786 [2], only sinusoidal boundary conditions are considered: building 
boundaries are submitted to sinusoidal variations in temperature or heat flow rate. The properties considered are 
thermal admittances and thermal dynamic transfer properties, relating cyclic heat flow rates to cyclic temperature 
variations.  
 
Under non-stationary boundary conditions, not only thermal conductivity but also the accumulating capabilities 
of materials are considered.  Thermal storage efficiency is a function of a material’s properties: specific heat, 
apparent density and thermal conductivity. These three material parameters may be combined into one called 
thermal effusivity, eq. (1).  
 (1) 
 
Materials traditionally referred to as "massive” (for example: reinforced concrete, brickwork or even timber), 
differ significantly in this context, Tab. 1.  
 
 Table 1. Thermal effusivity of the applied materials. 
Material Thermal effusivity [W·s1/2/(m2·K)] 
reinforced concrete 2300 
brickwork 1177 
timber 664 
gypsum 474 
 
UO H c
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When considering the predominant technologies in European massive construction, the heat-storage potential of 
buildings is usually significant and available. However, effective reduction of daily temperature fluctuations inside 
the buildings used in a continuous manner does not require very thick layers of a massive material. The dynamic 
range of daily heat transfer phenomena that take place inside the massive walls is usually limited to just a few 
centimeters. In a simplified energy certification practice, based on European standard EN 13790, the total 
maximum thickness of the active accumulation layers assumed in the calculations is only 10 cm. This applies to 
heat accumulation in the massive material during a sunny day, and the reversed heat flow or discharge of the stored 
heat during the night. This assumption may be easily confronted with a dynamic characteristic of a material in the 
form of periodic penetration depth, eq. (2), i.e. a distance, at which major (ca. 67%) decay of a daily heat wave is 
observed: 
 
 
dp=         (2)  
 
 
Table 2.  Material periodic penetration depth, 24 hour heat wave. 
Material Periodic penetration depth [m] 
solid brick 0.11 
reinforced concrete 0.17 
thermal insulation 0.23 
lime plaster 0.12 
cement plaster 0.11 
wood 0.05 
screed 0.13 
 
According to the values of penetration depth given in Table 2, a thickness of 10 cm or less is not enough to 
cover the full range of daily temperature oscillations, particularly in the case of well conducting and massive-
reinforced concrete. It also means that in reality, a thermal storage thickness of more than 10 cm would influence 
the daily temperature fluctuations in the building’s space.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Example of a long term heat wave in external environment. 
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In the case of thermal insulation, its penetration depth is of little practical importance because of the small 
thermal capacity of this lightweight material.  
 
In addition to daily temperature fluctuations, a building is exposed to much longer-lasting oscillations in climate 
conditions, Fig. 1. When tp value belongs to the next order of magnitude (e.g. time period equal to 10 days), the 
brickwork penetration depth would cover almost the entire thickness of a 38 cm brick wall. Extremely massive 
historic buildings, with a wall thickness measured in meters, follow seasonal changes in mean external 
temperatures with several months’ time lag. Under such conditions, the entire volume of the building shell would 
be used to store energy and attenuate temperature oscillations in a heavy building. 
3. Object of simulation and method of evaluation 
Each one of a building’s materials and components contributes proportionally to the building’s dynamic 
characteristics and its thermal performance. Building users are not usually interested in specific data regarding the 
components but rather in the final results, specifically the thermal stability or thermal comfort of the internal 
environment. A well designed building enclosure would be able to minimize the demand not only on heating but 
also on cooling energy, while maintaining acceptable thermal conditions inside, Kisilewicz [3,4].  In order to 
extend the analysis from individual components to the entire building, a model presented in Fig. 2 was simulated 
by means of EnergyPlus software. It is part of the top floor of a multistory building. The impact of the flat roof on 
the occurrence and intensity of overheating will be examined in this work. 
 
Five separate thermal zones have been defined in the modeled part of the building. There is no air exchange 
between the zones due to the presence of balanced mechanical ventilation. Zones I and III in the northern part of 
the building are symmetrical, with an area of 21 m2 each and windows oriented to the east and west. Thermal zones 
IV and V of the simulated building are symmetrical in terms of size and glazing, with an area of 20 m2 each. The 
glazing ratio in zone I (glazed area refers to the surface of the floor) is 8.6% (equal to minimum daylighting ratio), 
and in zone IV it is equal to 17.2%. 
 
The total number of hours in the simulated and reported period is 2208. The reference variant of the simulation 
object is a massive structure made of brick and reinforced concrete. External walls’ structure: internal plaster 2 cm, 
25 cm of solid brick, 15 cm of thermal insulation and thin external plaster. Internal wall structure: 12 cm brick wall 
plastered on both sides. Flat roof: roofing felt with solar absorption of 85%, thermal insulation 20 cm, reinforced 
concrete 12 cm, and internal plaster 2 cm. Windows and doors double-glazed with glazing thermal transmittance of 
Ug = 1.349 W/(m2 ·K). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Simulation object: last floor with a flat roof. 
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During the day, from 9.00 am to 21.00, air-change rates in all the zones are equal to 1,0 1/h, and 4,0 1/h at night. 
Ventilation is automatically shut off when the temperature difference between the zones and the ambient air is 
smaller than 1K. It was also assumed that the nighttime temperature of indoor air in a residential building can not 
fall below 22 ° C during the summer period, to also assure comfort conditions on cool summer days. Heat gain 
sources in the analyzed part of the building are: four people with full nighttime occupancy and partial daytime 
occupancy, according to the detailed scheme; lighting: 60W per person, according to the detailed 24 hour scheme. 
 
The method used to assess thermal conditions arising in the interior of the building is an adaptive thermal 
comfort criterion by ASHRAE Standard 55-2010. The rating associated with so-called adaptive comfort is based 
on the observed-in-practice tendency of the human body to gradually adapt to indoor thermal conditions in a 
building without mechanical cooling, Schweiker et al. [5]. The degree of adaptation is related to long term external 
temperatures but it also depends on users’ abilities to influence and adjust to the conditions, eg. open windows and 
match clothing, Pffaferott et al. [7]. The approach used in the ASHRAE method is similar to the solution adopted 
in the European standard EN 15251 [6]. The assessment method of the analyzed variants will be based on a 
comparison of the number of hours, during which thermal conditions in the simulated building are outside of the 
acceptable ranges of adaptive comfort conditions. 
4. Simulation results: massive layer modifications 
4.1. Reference case: 12 cm of reinforced concrete and 20 cm of thermal insulation 
The results obtained for the reference case of the simulated building with nighttime cooling, as described above, 
are given in Table 4. The table summarizes the number of hours, during which internal thermal conditions are 
beyond the adaptive comfort range for the two chosen zones and for the two considered acceptance levels. 
 
Table 3. Number of hours beyond the acceptable comfort range - reference case. 
Acceptance range 90% 80% 
zone I 257 41 
zone IV 526 290 
 
The high number of discomfort hours in the southern zone IV is obviously the result of large solar gains through 
unshaded windows with a high solar radiation transmittance (transmission factor g = 0.724). With a high 
acceptance level in this zone, overheating spans almost 24% of the total simulated period, while according to 
common practice 10% is the maximum tolerable duration. Some extra design measures against overheating would 
be necessary in this building. When considering zone I and a high acceptance level, overheating duration still 
exceeds 10% of the total time although when the acceptance level is reduced to 80%, overheating is negligible. 
4.2. No concrete layer and 20 cm of thermal insulation 
In order to investigate the influence of a massive structural part of the roof on the intensity of heat transfer 
through the flat roof, its thickness was reduced to 2 cm (plaster layer only). In building practice, this case is close 
to often used in commercial-building light roof structures. Simulation results of this case are shown in Tab. 4 
 
Table 4. Number of hours beyond the acceptable comfort range – light roof structure: 2 cm plaster only. 
Acceptance range 90% 80% 
zone I 446 86 
zone IV 608 403 
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Intensive negative effects of thermal mass reduction may be observed. In spite of the high thermal capacity of 
the building’s walls, intensified heat transfer through the lightweight flat roof led to significant deterioration of 
conditions beneath it: overheating duration in zone IV was extended by 16% and in zone I, by 74%. 
4.3. 20 cm of reinforced concrete and 20 cm of thermal insulation 
In the next step, the thickness of the concrete roof structure was increased to 20 cm. Simulation results of this 
case are shown in Tab. 5. 
 
Table 5. Number of hours beyond the acceptable comfort range – 20 cm of reinforced concrete. 
Acceptance range 90% 80% 
zone I 199 27 
zone IV 487 265 
 
An increased thermal capacity of the roof structure plays a positive role for the comfort of the building’s space 
beneath it. In comparison to the reference case (Table 3, high acceptance level), overheating intensity was reduced 
by 7% in zone IV and by 23% in zone I. Once again, the reaction of zone I is several times higher than of heavily 
overheated zone IV. In the overglazed southern zone, a reduction in overheating is difficult to achieve and in each 
case, not very effective. In the case of properly glazed zone I, it responds to improvements better but deterioration 
of conditions could also be significant. 
5. Simulation results: thermal insulation modifications 
5.1. Thermal insulation reduced to 3 cm and 12 cm of reinforced concrete with plaster 
Table 6. Number of hours beyond the acceptable comfort range – 3 cm of thermal insulation. 
Acceptance range 90% 80% 
zone I 493 109 
zone IV 623 342 
 
The first analyzed case refers to an old, not refurbished, existing building, in which people living on the top 
floor often complain about overheating. The results obtained for the poorly insulated massive flat roof: 12 cm 
concrete structure and only 3 cm of thermal insulation are given in Table 6. It may be easily observed that the 
above results are, at the moment, the worst of all presented. In comparison to the reference case, discomfort time 
was extended in zone I by 92% and in zone IV by 18%. Under the poorly insulated flat roof, formerly acceptable 
thermal conditions in the west-oriented zone I became completely intolerable. 
5.2. Thermal insulation 10 cm and 12 cm of the reinforced concrete with plaster 
Table 7. Number of hours beyond the acceptable comfort range – 10 cm of thermal insulation. 
Acceptance range 90% 80% 
zone I 314 51 
zone IV 541 298 
 
The thermal insulation of a flat roof is an important factor in thermal comfort retention. With a 7 cm increase in 
thermal insulation thickness, the reduction of discomfort time is significant: 36 % in zone I and 13% in zone IV. 
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Any further increase in thermal insulation thickness is no longer as effective as in the case of the initial 
centimeters. While 30 cm-thick insulation improved thermal conditions in the investigated building zones, Tab. 8, 
a further increase of up to 40 cm in thickness does not look rational, even in the case of zone I, Tab. 9. 
5.3. Thermal insulation: 30 and 40 cm and 12 cm of reinforced concrete with plaster 
Table 8. Number of hours beyond the acceptable comfort range – 30 cm of thermal insulation. 
Acceptance range 90% 80% 
zone I  235 38 
zone IV 512 287 
 
Table 9. Number of hours beyond the acceptable comfort range – 40 cm of thermal insulation. 
Acceptance range 90% 80% 
zone I  222 37 
zone IV 507 285 
6. Summary 
In a well-insulated building, the main threat to the interior thermal comfort during summertime is from solar 
gains through the glazed building components, often accompanied by high internal gains. So, crucial design 
decisions regarding window sizing should be fully rational and based on a precise multifactor algorithm with an 
integrated design procedure, Kisilewicz [3]. It was proven above that it is not possible to protect intensively glazed 
space against overheating. The measures used to reduce overheating, which were efficient in zone I, did not help 
much in zone IV. 
 
A high thermal capacity of a building made of massive structural materials is usually an efficient passive 
measure to protect the internal space against overheating, or at least reduce internal temperature fluctuations. In 
order to accomplish this goal when dealing with diurnal temperature fluctuations, 10-13 cm thick massive layers 
are needed. In case of building components made of heavy and well conducting reinforced concrete, even thicker 
(up to 17 cm) layers would be effective. When extended (multiple days or even weeks) heat waves are taken into 
consideration, the entire thermal capacity of very thick components is of practical importance for heat 
accumulation. 
 
 
 
 
 
 
 
Fig. 3. Discomfort time versus thermal insulation thickness and massive layer thickness. 
 
When dealing with the top floor of a building, the issue of thermal comfort becomes even more complicated. 
High exposure of a flat roof to summer solar radiation, usually combined with high absorption of solar radiation on 
the outer surface of bituminous coating, results in very high temperatures of the roof surface and powerful heat 
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waves penetrating the roof. Heat gains conducted through the roof become the main thermal load for the spaces 
below. To avoid space overheating, it would be necessary to efficiently attenuate heat wave amplitude and to 
assure a sufficient delay of the heat flux that is delivered to the space. Maximum heat delivery at night could be 
easily and efficiently counterbalanced by night cooling. 
 
The results of a computer simulation of thermal comfort in the spaces beneath a flat roof, presented in chapters 
3 and 4, have been gathered in Fig. 3. When insulation thickness was subjected to modification, concrete layer 
thickness was kept invariable at 12 cm. When the concrete layer was modified, insulation thickness was kept the 
same in each variant and equal to 20 cm. 
 
There are two parallel ways to effectively reduce discomfort time beneath a flat roof: increase the thermal 
resistance of the roof and increase its thermal capacity and inertia. High thermal insulation of a modern flat roof 
typically allows for effective damping of the temperature wave amplitude. However, it is not enough to reduce the 
amplitude, thermal mass is also needed. High thermal capacity seems to be an even more efficient way of 
protection against space overheating than thermal resistance.  
 
In modern building practice, the so-called green roof, with the extra thermal capacity of ground substrate could 
be treated as a successful solution, providing the best combination of physical and ecologic properties of a flat 
roof: good space protection against overheating, water retention and attractive usable area, Kisilewicz [1]. 
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